Detecting interaural time difference (ITD) is crucial for sound localization. The temporal accuracy required to detect ITD, and how ITD is initially encoded, continue to puzzle scientists. A fundamental question is whether the monaural inputs to the binaural ITD detectors differ only in their timing, when temporal and spectral tunings are largely inseparable in the auditory pathway. Here, we investigate the spectrotemporal selectivity of the monaural inputs to ITD detector neurons of the owl. We found that these inputs are selective for instantaneous frequency glides. Modeling shows that ITD tuning depends strongly on whether the monaural inputs are spectrotemporally matched, an effect that may generalize to mammals. We compare the spectrotemporal selectivity of monaural inputs of ITD detector neurons in vivo, demonstrating that their selectivity matches. Finally, we show that this refinement can develop through spike timing-dependent plasticity. Our findings raise the unexplored issue of time-dependent frequency tuning in auditory coincidence detectors and offer a unifying perspective.
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barn owl | nucleus laminaris I nteraural time difference (ITD) is a primary cue for detecting the horizontal position of a sound source (1, 2) . The most prevalent model for the mechanism underlying ITD sensitivity assumes that it is created by a circuit of neural delay lines and coincidence detector neurons (3) (4) (5) (6) . In this model, coincidence detector neurons respond when the left and right ear inputs arrive nearly simultaneously. The temporal delays of the left and right ear inputs created by axonal delay lines determine the neuron's best ITD. An alternative theory retains the coincidence detectors responding to delayed binaural inputs, but postulates cochlear delays instead (7) . Experimental evidence in birds does not support this alternative theory (8) (9) (10) , although some studies in mammals are consistent with it (11) . In mammals, ITD sensitivity is thought to be established by the timing of both excitatory and inhibitory inputs (12) .
A fundamental question these models raise is whether the monaural inputs to the binaural coincidence detector neurons differ only in their timing. Though current evidence is consistent with identical bilateral input shifted in time (5, (8) (9) (10) 13) , analyses have not taken into account the selectivity of early auditory neurons for the time-dependent spectral structure of sound, which can arise in the auditory nerve.
In the mammalian auditory nerve, neurons display a change of preferred instantaneous frequency with time (14) (15) (16) (17) . This response property is characterized by an instantaneous frequency (IF) glide in the neuron's impulse response. IF glides are also seen in the local field potentials in the owl's nucleus laminaris (NL) (18) . It is unknown whether neurons in NL or medial superior olive (MSO), the first binaural nuclei in the avian and mammalian ITD processing pathways, respectively, are selective for these spectrotemporal features and how such selectivity may affect the processing of ITD (4) (5) (6) . Here, we show selectivity for IF glides of neurons in the owl's NL and their input from the cochlear nucleus magnocellularis (NM). We show that mismatching the left and right inputs can dramatically affect ITD processing. Finally, we examine the spectrotemporal selectivity of the left and right inputs of individual NL neurons recorded in vivo. We demonstrate that selectivity to IF glides matches bilaterally, and that this refinement can develop through spike timing-dependent plasticity (STDP).
Results
Frequency Glides in Impulse Responses of NL Neurons and Their Input.
Impulse responses of single neurons were estimated from responses to broadband noise bursts using the spike-triggered average (STA) (19, 20) . Impulse responses of single units in the input to NL, axons of nucleus magnocellularis (NM) neurons, and NL neurons show an IF glide. We fit the STAs with chirping and nonchirping filters, where the chirping filters had a linear IF glide (Eqs. 1-4). STAs were better fit by the chirping filters than by the nonchirping filters ( Fig. 1 ; in NM and NL, Mann-Whitney U test, P < 0.02 in both cases). This finding is consistent with a previous analysis of the neurophonic in NL (18) . In contrast to this study, we found no significant difference between the fits provided by the gammachirp and gaborchirp filters ( Fig. 1 E and  F ; NM, n = 57, median gammachirp χ 2 = 1.71, median gaborchirp χ 2 = 1.60, P = 0.24; NL, n = 27, median gammachirp χ 2 = 2.11, median gaborchirp χ 2 = 1.99, P = 0.92; MannWhitney U test). Below, we describe the fits obtained with the gammachirp filter.
A range of gammachirp filter parameters was observed at each best frequency (BF; Fig. 2 ). Our estimate of the neuron's BF was the frequency with largest power in the Fourier transform of the gammachirp fit, which is equivalent to the tone producing the largest response for a cross-correlator neuron. The instantaneous frequency at the initial time f 0 was highly correlated with BF in both NM and NL ( Fig. 2 A and B ; r 2 = 0.99, P < 10 −3 in NM and r 2 = 0.98, P < 10 −3 in NL). The IF glide slope was positively correlated with the BF of the neuron in both NM and NL ( Fig. 2 C and D; r 2 = 0.43, P < 10 −3 in NM and r 2 = 0.45, P < 10 −3 in NL). Fig. 2 illustrates that, although correlated, the IF glide slope varied across neurons with similar BF. The time constant This article is a PNAS Direct Submission. of the gammachirp filter was not correlated with BF in NM and was weakly negatively correlated with BF in NL (r 2 = 0.04, P = 0.16 in NM and r 2 = 0.22, P = 0.014 in NL). Thus, the inputs to ITD-sensitive neurons in NL have IF glides whose parameters vary over a broad range. The question thus arises of how these additional dimensions of response selectivity affect ITD processing.
ITD Shifts Caused by Mismatched Spectrotemporal Inputs to NL. We considered the effect of the IF glide on the encoding of ITD using a cross-correlation model of ITD-sensitive neurons (13, 21, 22) . We examined the effect of interaural mismatches in the time constant τ and the IF glide slope c of the monaural input filters on the best ITD of neuron. For a given BF, we modeled neurons with input filters having combinations of τ and c that cover the observed range in NM, but with identical temporal and phase delays. We found that small mismatches in τ and c can cause the neuron's best ITD to vary between approximately −1,000 μs and 1,000 μs (Fig. 3 ). This range is far larger than the owl's physiological ITD range (2, 23) . The best ITD is more highly correlated with Δτ, than with Δc. However, changes in either Δc or Δτ can produce changes in best ITD that are significant for the owl's physiological range. Matching of monaural spectrotemporal filters can thus be a dramatic determinant of ITD tuning.
Spectrotemporal Matching of Inputs to NL Neurons. To test whether spectrotemporal properties of monaural inputs influence ITD tuning in NL neurons, we measured these parameters in NL neurons (n = 20) recorded in vivo. We computed the effective monaural inputs to NL neurons as the left-and right-side STAs using responses to binaurally uncorrelated noise (13) . We then fit the monaural STAs with gammachirp filters to characterize their spectrotemporal properties. The parameters of the left and right gammachirp filters were highly correlated (Fig. 4) . The left and right f 0 values were highly correlated ( Fig. 4B ; n = 20; r 2 = 0.98,
), as were the left and right IF glide slopes ( Fig. 4D ; n = 20; r 2 = 0.51, P < 10
). For the entire population, the left and right time constants showed weak, although significant, correlation ( Fig. 4F ; n = 20; r 2 = 0.20, P = 0.05). After removing the two outliers, the left and right time constants were highly correlated (n = 18; r 2 = 0.57, P < 10 −3 ). Thus, the monaural inputs to NL neurons are matched for spectrotemporal properties.
Differences in timing and phase between the two monaural inputs largely determined the observed best ITD (Fig. 4G) . We ran the model with experimentally determined gammachirp filters to test whether mismatches influence the ITD tuning. The best ITD of neurons computed using the measured parameters was highly correlated with the best ITD computed when the time ). Thus, for most neurons, interaural differences in delay and phase are sufficient to determine the best ITD. However, four neurons had large interaural mismatches in the time constant, or the IF glide slope (black circles; Fig. 4 B, D, and F). For these neurons, removing the mismatches in IF glides created a shift in best ITD of ∼200 μs (Fig. 4G) .
Remarkably, cross-correlation of the left and right STAs predicted ITD tuning in all NL neurons, including neurons with unmatched monaural STAs. We assessed ITD tuning by measuring rate-ITD tuning curves using broadband noise (n = 6) and tuning to interaural phase difference (IPD) varying stimulating frequency (n = 7) in independent subsets of neurons. IPD was computed by converting time differences into phase difference for a given stimulating frequency. As shown previously, the crosscorrelation model predicts accurately the rate-ITD tuning curves for noise (r 2 = 0.85 ± 0.05) (13) and the IPD vs. stimulatingfrequency relationships (r 2 , median = 0.47, range 0.07-0.83; Fig.  5 ). All neurons had nonlinear IPD vs. stimulating-frequency relationships (24) . However, the root mean square (RMS) error in the linear approximation was small for all neurons (median RMS error 0.028 cycles, range 0.018-0.044 cycles). These results demonstrate that the monaural STAs are a faithful estimate of the monaural input to NL neurons.
Learning Bilateral Spectrotemporal Matching. We consider a learning rule to achieve the high precision of the binaural matching, where synaptic modification is determined by the difference in timing of postsynaptic and presynaptic spikes, at each synapse. Such an STDP mechanism has been demonstrated in many preparations (25, 26) , in particular in the auditory system (27) . It has been shown that STDP can account for the development of ITD-sensitive neurons (28) (29) (30) . However, these studies addressed only the learning of temporal delays. Here, we test whether STDP could lead to binaural matching when the input parameter space is more complex: in addition to the standard axonal delay axis, the input filters have three additional degrees of freedom: the starting frequency f 0 , the glide slope c, and the time constant τ. To test this hypothesis, we simulated the development of binaural neurons fed by shifted white noise signals at the ears. Initially, 150 NL neurons received synaptic inputs from 150 monaural NM neurons on both sides. Each input neuron is characterized by a triplet of gammachirp parameters (f 0 , c, and τ) and an axonal delay. For each input neuron, the gammachirp parameters are randomly taken from a distribution similar to the one measured in NM (Fig. 2) , and the axonal delay is randomly taken between 0 and 300 μs. After the learning stabilized the firing rate and weights of the NL neurons, the STDP was switched off and the monaural STAs were computed. Twelve neurons were discarded because they yielded inputs coming only from one side or because they yielded flat STAs (Materials and Methods).
The resulting BFs are closely matched bilaterally (Fig. 6A ) (r 2 = 0.96 compared with r 2 = 0.96 in the measurements; regression slopes not significantly different, P = 0.24, ANCOVA), a trend that was shown in previous studies (8) (9) (10) . In addition, the matching of spectrotemporal parameters of the input filters show trends that are in correspondence with the measurements. The There is a trend for the resulting time constants to be clustered at lower values than either the in vivo measurements or the model NM inputs. This could be due to smaller time constants inducing more temporally precise firing, a property that STDP will prefer. Also, the rising time of a filter with a smaller time constant is smaller, leading to earlier spike generation, a property that is known to be favored by STDP (31) .
Discussion
Frequency Glides in Early Auditory Processing. We found that the coincidence detector neurons of the owl's NL and their input from NM tuned to IF glides. Together with other reports (14, 18) , this study shows that neurons in avian and mammalian auditory systems function as similar spectrotemporal filters. The presence of IF glides in the impulse responses of peripheral auditory neurons indicates that there are parameters of response selectivity in addition to BF that must be considered in ITD detection. We show that selectivity for IF glides by binaural neurons can greatly affect ITD tuning.
Binaural Spectrotemporal Matching and ITD Tuning. Our analysis shows that bilateral mismatching of preferred spectrotemporal properties can significantly affect processing of ITD. Small mismatches in the IF glides of monaural inputs can account for best ITDs as large as those observed in the owl's auditory system. If mismatches in IF glides are significant determinants of ITD tuning, then neurons will show a nonlinear relationship between best IPD and stimulus frequency, and the criteria for having a characteristic delay (CD) (32, 33) would no longer apply. We found that, by virtue of matching the spectrotemporal selectivity of the left and right inputs, delay lines remain as the major factor in determining best ITD in most NL neurons. However, small mismatches found in the monaural filters of most neurons, and larger ones observed in a small minority of cells, indicate that the Jeffress model (3) does not completely describe the computation of ITD in the owl. Rather, the general principle that explains ITD tuning in all of these cells is the cross-correlation of monaural inputs (13) .
Matching of monaural spectrotemporal receptive fields in binaural neurons has been shown previously (34) , but neither at the site of monaural convergence nor at the time scale demonstrated here. Thus, the inputs to coincidence detector neurons are refined beyond BF, delay, and phase. The bilateral spectrotemporal matching in NL is a demanding task for input refinement, given the variability in the IF glides of NM neurons, the input to NL. We show that this level of input matching can develop according to an STDP rule. STDP has previously been shown to allow the development of ITD-sensitive neurons by selecting for particular delays and phases (28) . Here we show that STDP can cause NL neurons to match the monaural input filters. The spectrotemporal matching of left and right inputs to coincidence detector neurons may represent a cost-effective mechanism. Performing coincidence detection on the output of filters based on parameters other than microsecond-accurate temporal resolution may reduce the cost of ITD detection.
A General Mechanism for Producing Delays. In mammals, ITD sensitivity is thought to arise from the temporal alignment of excitatory and inhibitory inputs that are precisely timed on a microsecond scale (12) . The idea is that inhibitory inputs determine the neuron's best ITD by influencing the relative delays of the left and right postsynaptic potentials. The modeling work presented here allows us to suggest an alternative interpretation of these results. A systematic mismatch of monaural filter parameters could produce the dependence of best ITD on BF that is seen in the mammalian MSO (35) . Impulse responses of mammalian auditory nerve fibers show IF glides. Although the range of glides in mammals appears smaller than in the owl (14) , it is sufficient to find pairs of monaural filters with mismatches in IF glide slopes and initial frequencies that would produce the experimentally observed dependence of best ITD on BF (SI Materials and Methods). The role of inhibitory inputs to MSO neurons may thus be to shape the spectrotemporal tuning of monaural inputs, thereby affecting binaural mismatches. If inhibition creates binaural mismatches, then blocking inhibition would produce matched inputs and lead to best ITDs near zero, as observed (12) . Our results thus suggest a mechanism by which inhibition could regulate ITD tuning that does not require precise timing. Testing this hypothesis will require developing methods to measure the monaural input to MSO cells. We propose that a general framework for ITD computation is cross-correlation with spectrotemporally complex inputs. The interaction of the spectrotemporal properties of the monaural inputs can affect ITD computation to produce the observed responses in mammals and birds. The computation of ITD in birds and mammals may both be described using a common cross-correlation operation, with differences due to the degree of binaural spectrotemporal matching.
Materials and Methods
Surgery, electrophysiology, and stimulus delivery have been described previously (13). Protocols followed National Institutes of Health guidelines and were approved by The Albert Einstein College of Medicine Animal Care and Use Committee. Briefly, six owls of both sexes were anesthetized by intramuscular injection of ketamine hydrochloride (20 mg/kg, Ketaject; Phoenix Pharmaceuticals) and xylazine (2 mg/kg, Xyla-Ject; Phoenix Pharmaceuticals). We recorded NL (n = 27) neurons and NM neurons' axons entering NL (n = 57) using a "loose patch" method (8, 36) , allowing us to obtain stable recordings for >1 h. Earphones consisted of a speaker (Knowles 1914) and a Knowles 1939 microphone. At the beginning of each experiment, the earphones were automatically calibrated.
Data Collection. Data for reverse correlation were obtained by presenting binaurally uncorrelated 500-ms band-limited Gaussian noise (0.5-12 kHz) with an interstimulus interval of 500 ms. We collected 400 to 800 trials for each neuron. For each stimulus presentation, the signal was synthesized de novo to avoid correlation artifacts. The response to ITD vs. frequency was sampled in steps of 25 to 50 Hz.
Reverse-Correlation Analysis. The window of the reverse correlation was 10 ms (13) . STAs were fit with gammatone, gabor, gammachirp, and gaborchirp filters, where the chirping filters had a linear IF glide (18) . We fit the component of the STA where the envelope had >10% of its maximum value (18) . The envelope of a signal x(t) is defined as the magnitude of the analytic signal x(t) + iy(t), where y(t) is the Hilbert transform of x(t). The gammatone and gabor filters are given by
respectively, where H(t) is the unit step function. The gammachirp and gaborchirp filters are given by Peak Frequency of Gammachirp Filter. To determine the relationship between the BF of the gammachirp filter and the parameters f 0 , c, and τ; we produced 2,000 gammachirp filters by drawing parameter values from uniform distributions that covered the observed ranges. The relationship BF ¼ f 0 þ πcτ explained 99% of the variance in BF.
Cross-Correlation Model. We examined the effect of an IF glide in impulse responses on the properties of binaural neurons using a cross-correlation model (13) . An input signal is filtered with left and right gammachirp filters. The resulting signals are cross-correlated to give the model neuron response. The response of the cross-correlator neuron to ITD is given by
where s(t) is the input stimulus, * represents the convolution operation, and T is the time window.
We examined the effect of mismatches in the left and right ear input filters to the cross-correlation model on best ITD. We varied the left and right IF glides by using a range of values for the time constant and the IF glide slope. For 1,000 neurons at each BF, we generated left and right gammachirp filters by selecting the time constant and IF glide slope independently from a uniform distribution covering the observed range of values in NM. To fix BF, we modified f 0 to satisfy the relationship BF ¼ f 0 þ πcτ.
Best ITD in NL. We used the gammachirp fits to the monaural STAs to determine the contribution of interaural differences in delay and phase to the observed best ITD. We compared the best ITD found using the crosscorrelation model having the fitted parameters with the best ITD found using the fitted parameters, but with equal IF glides. The IF glides were forced to be equal by setting the time constants τ, IF glide slopes c, and instantneous frequencies at initial time f 0 to be equal to the values measured for the contralateral ear.
STDP Model. We tested whether an STDP rule could explain the spectrotemporal matching of monaural inputs in NL. The model consists of NL neurons receiving input from the left and right NM. Each NM neuron converts the output of a gammachirp filter into spike trains. Each individual filter is defined by three parameters: time constant τ, IF glide slope c, and initial frequency f 0 . The filters are normalized so that different sets of parameters produce the same spike rate. The output x of the filter is first half-wave rectified to reflect phase-locking properties of auditory nerve firing (37, 38) and compressed by a one-third power law Ið½x þ Þ 1=3 (39, 40) . The output is then fed to a leaky-integrate and fire (LIF) NM neuron
where τ m ¼ 0:3 ms is the membrane time constant, V 0 ¼ − 60 mV is the resting potential, R ¼ 15 × 10 − 3 ohm is a constant, which includes the membrane resistance and the factor that converts the output of the filters into a current, ξðtÞ is Gaussian noise, and σ ¼ 0:085 mV is the SD of the membrane potential in the absence of spikes. When V crossed the threshold V t ¼ − 50 mV; a spike is emitted and V is reset to V r ¼ − 60 mV and held for an absolute refractory period t refrac ¼ 1ms:
A total of 150 NL neurons with BFs randomly taken between 3 and 6 kHz are used for the training. NL neurons are also modeled as LIF neurons but their intrinsic noise σ ¼ 0:1 mV is higher, their membrane time constant is τ m ¼ 0:1 ms; and their inputs are synaptic:
Þ is a train of k spikes coming at times t k from synapse i, w i is the synaptic weight of synapse i, δðtÞ is the Kronecker delta function, and Δ i the conduction time from the ear via NM axon i to NL. Before learning, each NL neuron receives an input population of 150 NM neurons from each side with the same BF. For each NL neuron, the 150 NM neurons are randomly drawn from a neuron "grid" of 25 × 60 = 1,500 possibilities. The grid axis with 25 elements is the axonal time delay and is linearly sampled between 0 and 150 μs. The grid axis with 60 elements is the parameters triplet axis, i.e., each point corresponds to certain values of τ, c, and f 0 . To be consistent with the measurements in NM, the τ values are randomly taken between 0.2 and 0.52 ms at each BF, whereas c is drawn from an interval with boundaries varying linearly from [−0. In STDP, a synaptic change due to the co-occurrence of an input and an output spike takes place if the presynaptic spike arrival time and postsynaptic firing time both fall within a time window W (25, 26) . Here, W is the window extensively used in the literature (41) 
The parameters τ þ ¼ 0:05 ms and τ − ¼ 3τ þ ¼ 0:15 ms determine the range of spike time intervals in which potentiation and depression of the synaptic weights occur; their values are of the order of the time constants encountered in the auditory brainstem, which is in accordance with previous studies (28, 30) . The positive parameters A þ and A − denote the maximum possible synaptic modification. Stable synaptic modification requires the integral of W to be negative so that the STDP produces an overall depression. This condition means that the relationship A − τ − < A þ τ þ holds. We set
To avoid unlimited growth, we impose an upper and lower bound on the weights: w i ∈ ½0; w max with w max ¼ 0:25: The weights are randomly initialized between 0:05 w max and 0:5 w max . All models were simulated with the Brian simulator (42), with a 5-μs time step. During the learning of each NL neuron, the filters at both ears received white noise with a fixed ITD, randomly taken from a Gaussian distribution centered on 0 μs with an SD of 50 μs. The learning simulations last 300 s, enough time for the firing rate and weights to stabilize. We used 30 s of binaurally uncorrelated white noise to compute the monaural STAs in trained neurons.
